Introduction
For some time the differences in morphological complexity between animals have been associated directly with the number of genes. Vertebrates almost consistently have more genes than invertebrates and have unique anatomical structures that are characteristic for their phylum. Did this increasing complexity occur through more genes arising following genome duplication?
History of the 2R hypothesis According to Ohno [1] , gene and especially genome duplications are of enormous importance because they can generate large amounts of raw genetic material in a short time that can be exploited by the mutation and positive selection processes to evolve novel gene function. Based on the genome size of the cephalochordate amphioxus, which is three times as large as the genome of the urochordate (see Glossary) Ciona, Ohno argued in favor of a genome duplication following the divergence of urochordates. Isozyme studies, and the analysis of orthologous genes from amphioxus and Ciona, showed that most genes are present as single copies, whereas the genomes of jawless vertebrates, such as lamprey and hagfish, contained at least two orthologs and mammals contained three orthologs or more [2] . This evidence together with the identification of a single Hox cluster in amphioxus (the invertebrate closest to vertebrates phylogenetically) [3] , compared with four clusters in mammals, enabled a refinement of the proposed time of duplication to the period following the split of the cephalochordate and vertebrate lineages and before the emergence of gnathostomes ( Figure 1 ). Based on the apparent stepwise increase in the gene copy-number from invertebrates to jawless Glossary (AB)(CD) topology measure: the nodes of the phylogenetic tree of four duplicates generated from two duplication events should have the (AB)(CD) topology where the dates of duplication for the (AB) and (CD) nodes are the same. Neighbor genes within paralogons that have the same topology are assumed to have been generated through the same event. Agnathans: jawless vertebrates. Aneuploidy: the loss or addition of one or more specific chromosomes to the normal set of chromosomes of an organism (e.g. a form of aneuploidy is trisomy 21). Cephalochordates: invertebrate animals that are the closest living relatives of vertebrates. They are characterized by the presence of a notochord, the nonossified precursor of the 'vertebrate' spinal column. The only representatives are several species of the Genus Branchiostoma also known as amphioxus. Diploidization: the evolutionary process whereby the gene content of a tetraploid species (after a WGD) degenerates to become a diploid with twice as many distinct chromosomes. This procedure enables the correct pairing of homologous chromosomes during meiosis/mitosis (diploid mode of inheritance). Gnathostomes: all jawed vertebrates. Molecular-clock-dating method: phylogenetic trees are tested for the constancy of the rate of amino acid substitution of genes. This rate is then estimated using a pre-estimated (based on fossil record or molecular data) divergence time between two species of which genes are included in the phylogenetic tree. This rate value is then used to estimate the divergence time between any other species on the same tree or the age of duplicates. A variation of the molecular-clock method is the global clock, where the time estimation is carried out on phylogenetic trees that have been reconstructed after excluding lineages that evolve significantly faster or slower than the average rate (linearized trees). Orthologs are genes that have evolved by vertical descent from a common ancestor, whereas paralogs originate from gene duplications within a genome. Paralogons: distinct chromosomal regions within a genome that share a set of paralogs. Polyploidy: the situation where the normal set of chromosomes (n) of an organism is multiplied (2n, 3n, 4n) if compared with the number of chromosomes of a related species. Allopolyploid: an organism that has a set of chromosomes that originates from different species. Autopolyploidy: an organism that has sets of chromosomes that originate from the same species. Relative dating: phylogenetic tree based counting of duplications relative to the divergence of major taxa. Synonymous or silent substitutions: the replacement of a single nucleotide in a codon without the change of the amino acid encoded. Synonymous sites are preferred over non-synonymous sites for the estimation of the duplication time, because it is known that non-synonymous sites are under purifying selection, which can greatly vary among genes. Synteny: conserved gene content and order on chromosomes. Urochordates or Tunicates: a more distant invertebrate chordate subphylum than cephalochordates that includes the appendicularians (Oikopleura) and ascidians (Ciona). Corresponding author: Panopoulou, G. (panopoul@molgen.mpg.de).
vertebrates to mammals, it was suggested that two episodes of complete or whole genome duplication (WGD) occurred [2] , one before and one after the jawless fish diverged, which is estimated at 500-430 million years ago (Mya) (i.e. the 2R hypothesis; see Ref. [4] for a summary of proposals for the timing of duplication events).
The identification of three 'large' quadrupled regions in the unfinished human genome, namely the major histocompatibility complex (MHC; human chromosome (Hsa) l, 6, 9 and 19), an extended Hox (Hsa 2, 7, 12 and 17) and the fibroblast growth factor receptor (FGFR; Hsa 4, 5, 8 and l0) regions, which included genes duplicated w530-738 Mya strongly supported tetraploidy [5] [6] [7] [8] [9] . These rounds of duplication could have happened in short succession within 90-106 Mya [10] . Proponents of the 2R hypothesis argued that this short interval could explain the incongruent tree topologies of neighbor genes within the described paralogons [11] (Box 1), whereas opponents quoted it as a proof that these paralogons did not arise through the duplication of an ancestral block. To explain the numerous paralogs in vertebrates, an alternative scenario of continuous mode of small-scale (tandem or segmental) gene duplications was suggested [12] .
Before the completion of the human genome, gene estimates were in the range of w70 000 for humans (G20 000) and w20 000 for invertebrates [12] [13] [14] . This fourfold difference and the observed 1:4 relationship between many Drosophila and human genes (1:4 rule) [15] [16] [17] was an additional argument in favor of two rounds of WGD under the assumption that no subsequent gene loss had happened. The estimation that the human genome might contain as few as 25 000 genes [18] [19] [20] [21] [22] signaled that if there had been WGDs, they must have been followed by extensive gene loss; therefore, finding evidence for old duplications might not be as straightforward as originally thought.
What is the evidence for 2R duplications produced from the analysis of the complete human genome and teleost fish genomes? In this article, we will review this evidence in the light of similar data generated from the genome analysis of more recent polyploids such as Arabidopsis and Saccharomyces cerevisiae. Figure 4 ). Evidence for 1R or 2R WGDs is provided by numerous paralogons and by many quadruplicate regions in the human genome. Recent data from jawless vertebrates indicate that additional WGDs occurred after their divergence from the gnathostome (grey arrows). There is some controversy over the monophyly of jawless vertebrates (broken lines) [77] . The time windows given are estimates. Bichir (Polypterus senegalus) has one HoxA cluster, whereas all other teleosts have two, which have undergone 3R [78] . The existence of one HoxA and one HoxD cluster (which implies that HoxB and HoxC should be present) in shark (Heterodontus francisci) places the 2R duplication before the emergence of cartilaginous fish [62] . For information on the number of Hox clusters in other species, see the following references: lamprey (Petromyzon marinus) [53, 54] , hagfish (Eptatretus stoutii) [61] , zebrafish (Danio rerio) [50] , pufferfish (S. nephalus) [51] , medaka (Oryzia latipes) [52] , Ciona (Ciona intestinalis) [79] , coelocanth (Latimeria menadoensis) [80] , amphioxus (Branchiostoma floridae) [3] .
2R genes in vertebrates and the extent of gene loss According to the 2R hypothesis, each invertebrate gene is expected to have at least four vertebrate orthologs (in keeping with the 1:4 rule). The human genome shares 1308 gene families with the genomes of Caenorhabditis elegans, D. melanogaster and S. cerevisiae, 43.1% of which are single copy genes in these organisms and in humans [23] [24] [25] [26] . If yeast is excluded from this comparison the number of families shared between the human genome and the genomes of C. elegans and D. melanogaster increases to 3044 [25] . Almost one-third of these gene families also contain a single ortholog in all three organisms.
Can the high number of single-copy human genes be explained by genome duplication (complete or segmental) followed by a high rate of gene loss? Based on the number of substitutions per silent site, S, of duplicate gene pairs (as a proxy for age), calculating the number of duplicates at increasing S values and assuming a constant birth and decay rate of duplicates, Lynch and Conery [27] estimated a high rate of birth (0.009 per gene per Myr) and a short life span (7.5 Myr) for human duplicate genes.
Similar high rates of gene loss have been observed for multiple eukaryotic genomes. In S. cerevisiae, 85% of the duplicate pairs that resulted from WGD 100 Mya are now deleted [28] [29] [30] . Similarly, only 13-18% of duplicated genes that remain in the Arabidopsis thaliana genome are considered to be the result of an old polyploidization or aneuploidization event at 170-300 Mya [31] . These estimates of gene loss rates obtained from yeast and plants can be extrapolated to gene loss in vertebrates. Fugu gene duplicates that originated from one round of fish-specific genome duplication between 250 and 450 Mya account for only 29.4% of the duplicates [32] . Similar to human, Fugu shares 3036 gene families with C. elegans and Drosophila, 41% of which occur as a single copy in all organisms. Massive gene loss has also been verified for the tetraodon genome through its comparison with the reference 'unduplicated' human genome [33] .
Such extensive gene loss makes it impossible to apply the 1:4 rule. The majority of the duplicated genes in the human, mouse and Fugu genomes are organized in two member families, whereas families with four members are a minority [25, 34] . How gene loss destroys the 1:4 symmetry is best illustrated with the pattern of loss of individual Hox genes within the teleost and human Hox and Parahox clusters where 50% and 25% are lost, respectively [35, 36] . It is equally difficult to predict the mechanism of duplication based on the fraction of preserved duplicates. The gene-decay rate depends on the age and mechanism (complete genome or single gene) of the duplication and whether additional duplications have happened before. For example, gene loss is greater after the recent Arabidopsis genome duplication than after the older whole genome duplication(s) [37] .
In conclusion, the high number of single-copy genes in the human genome is not evidence against genome duplications and it can be fully explained by the extensive gene loss of duplicates. Such extensive gene loss makes the comparison of gene family size between organisms an uninformative measure for deciding on the extent of duplications. Furthermore, it makes it difficult to distinguish between 1R and 2R.
How many vertebrate duplicates date at the origin of vertebrates?
The molecular-clock-based calculation (Box 1) of the age of human duplicates within 191 gene families that have a single invertebrate ortholog (i.e. genes likely to have duplicated on the vertebrate lineage) and the arthropodchordate divergence estimate of either 833 Myr [38] or 993 Myr [10] showed that most of these human duplicates arose w333-583 Mya or 397-695 Mya (Figure 2 ) [25, 26] . The dating of numerous vertebrate gene families (749 vertebrate gene families, 1739 gene-duplication events) using the global-clock method similarly showed a broad distribution at 350-850 Myr with a peak at 450-750 Myr [39] . Additional evidence for an excess of duplication events at the origin of vertebrates comes from the knowledge that 70.6% of the Fugu duplicates originated at 500-900 Mya (Figure 2 ) [32, 40] .
However, it is impossible to conclude, based only on the distribution of ages of duplications, whether one or two closely timed, WGD or even large-scale segmental duplications occurred at the origin of vertebrates.
Box 1. Limitations of the methods for estimating the age of duplications
Absolute dating is performed using the molecular clock or an estimation of the rate of synonymous nucleotide substitutions (K s ). The molecular-clock method assumes a constant rate of amino acid or nucleotide substitution over time, which occurs in only a limited number of genes. Therefore, few duplicates can be dated using this method. Furthermore, because few taxonomically well-assigned fossils whose date is not disputed exist, the dates can be only considered as approximate (see Refs. [68] [69] [70] ). Finally, genes within families evolve at constant rate but the rate between distinct gene families is different. As a result, the age of genes from distinct families that have been duplicated during the same event will differ. Therefore, the number of duplication events cannot be deduced based on the shape of the age distribution of duplicates. Synonymous sites can be saturated with changes leading to underestimation of the duplication time, thus only small K s values (representing recent duplications) are meaningful. Relative dating can be only applied when: (i) the phylogeny is resolved; and (ii) the sequences of orthologs from a diverse range of organisms are available, which ensures correct tree resolution (without long-branch attraction).
The (AB)(CD) topology measure, used to count the order of two duplication events within gene families and used to decide whether neighbor genes within paralogons result from the same duplication event is inaccurate in several instances. For example, in two closely spaced rounds of genome duplications, where the second round occurred before the diploidization of the first round is complete [11] , the topology of the duplicates will not reflect the sequence of duplication. If the two rounds of duplications are the result of autopolyploidy then the grouping of duplicates on a phylogenetic tree will be random [71] . This happens because the duplicates are not well-resolved, which translates into a similar phylogenetic distance between them. Deducing the order of duplication using the topology criteria could also give false answers when the rate with which genes evolve changes, for example, after duplications when genes enjoy a period of relaxed selective pressure with the result that they evolve at a increased rate [72] . To compensate for this a method that excludes saturated sites has been developed [73] .
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The search for 2R traces in the human genome Stronger evidence for the type and number of duplication events can be obtained from the presence and arrangement of paralogons in the duplicated genome.
The Hox and MHC cluster paralogons Did the Hox cluster regions on the human chromosomes arise at the origin of vertebrates? Were they the result of the same duplication event? Hughes et al. [24] found that the phylogeny of 14 non-Hox gene families with members on two or more of the human Hox-bearing chromosomes supported that they were duplicated before the vertebrate origin and even before the protostome-deuterostome split. Members of only five families were duplicated at the time expected by the 2R hypothesis (i.e. 750-528 Mya). Moreover, they argued that even these genes were not co-duplicated with the Hox clusters because their order of duplication [as indicated by the topology of the relevant phylogenetic trees (AB)(CD) measure (Box 1)] is not the same as that of the Hox cluster genes. Larhammar et al. [41] stress that only genes that are ancestrally linked to the Hox clusters and not those purportedly transported on the Hox-bearing chromosomes at a later stage should be considered, because the present gene order on the Hox-bearing chromosomes is affected by the rearrangement history of the specific chromosomes. For example, Hsa 2 resulted from the fusion of two different chromosomes in the primate lineage and Hsa 12 was rearranged during primate evolution [42] . Finally, they point out that the phylogenetic-tree-topology approach is inaccurate in several cases and therefore of limited use in deciding if the members of neighbor gene families on the paralogons were generated by the same sequence of duplication events (Box 1). Larhammar et al. [41] concluded that 14 of the 20 families on the human Hox-cluster-bearing chromosomes were co-duplicated. These regions are significantly large and they cover 14.6%, 13.3%, 6.7% and 28.3% of the chromosomes 7, 17, 12, and 2, respectively. This makes it likely that they resulted from two rounds of WGD. These results also imply that specific chromosomal rearrangements should be considered when analyzing paralogons.
The debate over whether the human MHC cluster and its paralogous regions were generated through chromosomal duplication at the origin of vertebrates was resolved through the study of the relevant region in amphioxus. The comparison of the order of 31 amphioxus orthologs of genes in the MHC with those in its paralogous regions in the human genome [43] , in addition to their fluorescence in situ hybridization (FISH) mapping results on a single amphioxus chromosome [44] , supported the en block duplication of a proto-MHC region. Moreover, it showed that the MHC paralogous region on human chromosome 9 retains the ancestral organization because it contains twice as many genes derived from the ancestral genomic region as any of the three other regions on human chromosomes 1, 6 and 19.
Are there additional 2R-related paralogons in the human genome? Paralogons that resulted from WGD as opposed to those from segmental duplications are expected to: (i) cover a significant portion of the genome; (ii) not overlap; (iii) contain duplicates that do not have a random distribution in the genome; (iv) include duplicated genes with similar duplication times; and (v) have an orientation that is similar to that of a closely related non-duplicated genome (if available).
Three studies have analyzed the human genome for 2R traces. Paralogons were characterized in terms of the [32] ). The time estimates were obtained using the land vertebrate-fish divergence at 450 Mya as a calibration point [81, 82] . (c) The dating of duplication events in the human genome, without including fish genes, and calibrating the phylogenetic trees with the chordatearthropod divergence at 993 Mya, results in a shift of duplication ages and would overshadow the fish-specific duplications in an equivalent analysis (data from Panopoulou et al. [25] number of duplicated genes they contain [i.e. smallest number of unique links (sm)] and the number of maximum unduplicated intervening genes allowed (d). Through a comparison of the distribution of duplicated genes within randomly shuffled genomes with those in the real human genome, McLysaght et al. [26] considered the paralogons that contain three or more duplicated genes to be statistically significant and detected 504 of these paralogons (smR3, dZ30). In a similar study [25] , we detected only 72 significant paralogons with an smZ3, but identified an additional 485 significant paralogons with an smZ2. This difference in the number and size of segments is because when we compared the frequency of the segment sizes from all human chromosomes with those of a randomized human chromosome set, we found that fewer intervening unduplicated genes should be allowed (dZ10) to avoid including unrelated genes in the same paralogon.
Friedmann and Hughes [45] used a similar method to the studies above and identified fewer paralogons. This was due to the conservative threshold they imposed when defining gene families, which resulted in the selection of paralogons that contained recent duplicates. For a description of the methods developed to detect paralogons, see the review by Van de Peer [46] .
Are the paralogons described in these studies the result of a WGD or even two rounds of WGD? The 2R paralogons with an average size of 0.7 Mb [25] are strikingly larger than the recently duplicated segments in the human genome (sequence similarity R90%, average size of 14.7-18.5 kb) [47] . Among the largest paralogons detected are a 41-Mb and 20-Mb region shared on chromosomes 1 and 9. Finally, they are comparable in size (in terms of number of duplicated genes they contain, length and percent of genome coverage) to the paralogons in the Arabidopsis, S. cerevisiae and rice genomes (Box 2). For example, they are almost the same size as the paralogons generated from a recent polyploidization event in the Arabidopsis genome but twice the length of the oldest paralogons in Arabidopsis. This could be because the old paralogons in the Arabidopsis genome were fragmented after the recent genome duplication.
The paralogons identified by McLysaght (with smR3 [26] ) cover 79% of the genome (those with smR4 cover 64%) and they are many more than expected by chance. All of the paralogons described by us [25] do not overlap and are distributed evenly in the human genome, whereas segmental duplications in the human genome are found to be located preferentially towards telomeres and centromeres [48] .
Are the paralogons in the human genome the result of the same ancient WGD(s)? McLysaght et al. [26] estimate that 40% of the gene pairs that duplicated at 397-695 Mya are components of paralogons with smR3. In the human genome, 331 of the duplicated segments are also duplicated in the mouse genome and located within known syntenic regions. Therefore, half of the paralogons are the result of a duplication event that affected the ancestor of both organisms and are at least O100 Myr old [25] . In conclusion, the analysis of paralogons strongly indicates that they are the result of a genome-wide-duplication event.
Was it a single genome-duplication event? In summary, only the quadrupled paralogons, 14 of which are identified in the human genome ( Table 2 in the supplementary material online), represent evidence for two rounds of ancient WGDs. But can these 14 quadruplicate regions in the human genome statistically support the 2R hypothesis? Taking gene loss into account, and, therefore, relaxing the stringency of finding duplicates on three rather than on all four regions, the number of supporting anchor points raises dramatically to reveal a pattern of coparalogy, which indicates two rounds of duplication. Figure 3 illustrates this strategy with the example of the Hoxcluster-bearing chromosomal regions, which is often used as proof for 2R hypothesis.
First proof for WGD in vertebrates
Additional Hox clusters have been identified in teleost fish occupying different taxonomic positions (Figure 1 ). The mapping of Hox clusters and many duplicated genes in zebrafish [49, 50] , pufferfish [51] and medaka [52] suggested an extra WGD in ray-finned fish. The analysis of the Fugu genome revealed 159 statistically significant paralogons that contained 544 paralogous gene pairs (3.4 anchor points per block) [32] . Seventy percent of duplicated genes in the these paralogons (that carry 406 gene families) were duplicated at the vertebrate origin (525-875 Mya). One-third of the paralogons contain genes with an origin at 320 Mya. The last peak of gene burst (3R) is absent in the human genome and hence indicates a fish-specific large-scale duplication event (Figure 2 ). The number of fish-specific paralogons could be even greater [40] .
The definitive proof of the teleost-specific genome duplication was only recently delivered when the genome of the pufferfish Tetraodon nigroviridis had been sequenced with remarkably good resolution. The
Box 2. Traces of WGDs in plants and yeast
A. thaliana, underwent one recent polyploidization 24-40 Mya and one-to-two older polyploidizations w170-300 Mya [31, 74, 75] . Evidence for the recent polyploidy event is provided by the presence of 45 duplicated block pairs with homogeneous age that cover 70% of the genome [31] . Traces of the older duplication are provided by 63 block pairs [31] . The recent blocks (median 700 kb; 69-4632 kb) are more than twice as long as the older blocks (median 284 kb; 90-1178 kb). Recent blocks contain more duplicated genes (on average 28%G7.8% duplicated genes) than the old blocks (on average 13.5%G5% duplicated genes). Other studies, based on K s values of the duplicated genes in the duplicated segments, detect the same recent duplication event but date it at 65-100 Mya and argue that the old event was two duplication events at 170-235 Mya and at 300 Mya [75] . The recent event involves 26 segment pairs, whereas the old event involves 29 'large' segment pairs. The recent event involves 83% of the transcriptome, whereas the two older polyploidizations involved 51.6% and 20.3% of the transcriptome, respectively. The average size of paralogons remaining in the S. cerevisiae genome that experienced genome duplication at 100 Mya is 55 kb, and includes on average 6.9 duplicate gene pairs and covers 50% of the genome [28] . Finally, the rice genome, which is thought to have undergone genome duplication w70 Mya, retains nine non-overlapping duplicated segments that together account for 61.9% of the transcriptome; the size of each duplicated segment corresponds to 1.8-13.8% of the transcriptome [76] . possibility of extensive anchoring of the sequence to chromosomes enabled Jaillon et al. [33] to use the comparative approach that demonstrated genome duplication in yeast [29] . Importantly, this approach is almost independent of dating methods. Using the human genome as the 'unduplicated' reference genome, they analyzed and mapped blocks of conserved syntenic regions to human chromosomes and identified 'doubly conserved synteny' (DCS). Strikingly, in most cases, syntenic blocks along human chromosomes map to two Tetraodon chromosomes in an interleaving pattern, consistent with WGD, and are distributed across all chromosomes (Figure 4 ).
Evidence for 2R from early vertebrates
The definitive proof that a more recent WGD occurred in teleost fish has important consequences for the 2R hypothesis because it indicates that WGD and not segmental duplication was the duplication mechanism responsible for the origin of the additional Hox clusters in this clade. Therefore, one could now accept that the Hox clusters are reliable markers of WGDs (Figure 1 ). Both hagfish and lamprey genomes have been sampled so far mainly for Hox genes. Lamprey has at least four Hox clusters [53, 54] . One study suggests that at least one Hox-cluster duplication occurred before the divergence of gnathostome and jawless vertebrates, whereas an independent cluster duplication occurred in the lamprey lineage, after it diverged from the gnathostome lineage [53] . Others argue for an independent origin of these clusters and suggest that the common ancestor of agnathans and gnathostomes had a single Hox cluster [55] . The phylogeny of other lamprey non-Hox gene families is also consistent with independent duplications [56] [57] [58] [59] [60] ; therefore, it is plausible that some of the lamprey Hox clusters formed by the first duplication, before the split of agnathans from gnathostomes, were lost and the present Hox clusters are the result of recent lineage-specific WGDs.
Hagfish might have up to seven Hox clusters [61] . Two of them are homologous to mammalian Hox clusters, which also supports the hypothesis that at least one Hox-cluster duplication occurred in the ancestor of gnathostomes and agnathans. The two Hox clusters isolated so far from cartilaginous fish [62] are homologous to the mammalian HoxA and HoxD [63] , placing the second '2R' duplication before the divergence of cartilagenous fish. TRENDS in Genetics Figure 3 . The example of the human Hox quadruplicated regions, the detection of which is frequently used as evidence for 2R and the effect of gene loss. The number of gene families shared between the human Hox-bearing chromosomes (Hsa 2, 7, 17 and 12) increases dramatically when the requirement of finding members of each family on three (b) rather than all four (a) chromosomes is used. To avoid including paralogons that contain genes that have been duplicated before the vertebrate origin, only gene families that have a single invertebrate ortholog were considered. The human chromosomes were searched for duplicated genes that are located next to each other on more than a single location. Each gene family is assigned a different color. The abbreviation of the name of each gene family is given at the bottom of the plot. For the complete names, see Table 1 
Concluding remarks
Although polyploidy is a drastic event for a genome, it is not as rare. It is has long been known that natural polyploids are widespread in animal and plant genomes: 50% to O70% of angiosperms are thought to have experienced chromosome doubling [64] . Many amphibian [65] and fish [66] species are known for frequent recent polyploidy. Furthermore, the same amphibian species can be found with various ploidy levels [67] . Although the genome analysis of representative organisms of several of the above clades [32, 33, 40] has yielded solid evidence for their polyploidy, the 2R hypothesis has been exceedingly difficult to test.
Between 400 and 500 paralogons, with an average length of 700 kb that include 2511-3854 duplicated genes, cover almost 80% of the human genome. The number of paralogons is significantly more than is expected by chance and they are distributed across all chromosomes in a non-random fashion consistent with WGD. Most genes included in these paralogons were duplicated 350-650 Mya. Traces of this 'old' event have also been demonstrated in the teleost genomes. Taken together these findings provide strong support for at least one round of genome duplication early in the vertebrate lineage. This is even more compelling when these results are compared with the data from plant and vertebrate polyploids.
It is impossible to be certain, using current methods and based on the human or Fugu data, whether two rounds of duplication occurred and if they were in close succession because the duplication event is 'old'. Criteria such as the 1:4 rule or (AB)(CD) topology, which have been used to address this issue have led to false assumptions in several cases. The only strong evidence indicating that two duplications occurred is the existence of multiple quadruplicated regions in the human genome.
It has been suggested that because there are twice as many 'old' duplicates in the Fugu genome compared with the duplicates generated from a fish-specific duplication, and assuming an equal rate of gene loss after each duplication event, the 'old' duplication could be two rounds of duplication. This suggestion should be treated with caution because fewer recent Fugu duplicates might reflect the lower rate of gene retention following the second duplication event.
Will we be able to identify the type of 2R duplications that occurred? Some have suggested allopolyploidy might be responsible because it creates greater evolutionary potential than autopolyploidy [17] . Allopolyploids are assumed to be more viable because they are more prevalent in nature perhaps because allopolyploid genomes are 'dynamic' at the molecular level, generating an array of novel genomic instabilities during the initial stages after their formation. However, autopolyploidy is a process that results in asymmetric trees, which is what is observed in the majority of phylogenetic trees of genes duplicated at the origin of vertebrates. Currently, the data and methods available make it impossible to decide between allopolyploidy and autopolyploidy.
What next?
The complete genome sequence of lamprey or hagfish will help to resolve the timing of the duplications. The definitive answer to whether there were one or two rounds of ancient vertebrate genome duplications primarily rests in the upcoming amphioxus genome, which will serve as Genome duplication Figure 4 . Illustration of the comparative approach used to prove genome duplications in yeast and Tetraodon. Genome 1 undergoes a Genome duplication (e.g. Tetraodon) creating two identical sets of chromosomes and genes followed by gene loss (left side). Genome 2 (e.g. human) experiences only some gene insertions and serves as 'unduplicated' reference genome. In most cases, large regions of 'double conserved synteny' can be identified (i.e. every chromosome of Genome 2 maps to two chromosomes of Genome 1 in an interleaving pattern; (middle lower panel). Genes that have been retained in two copies (arrowheads) would function as anchor points to identify a paralogon. The approach has been shown to be effective in detecting 'double conserved segments' in a genome that has undergone a WGD around 200-300 Mya and it has separated from its reference genome w450 Mya. an unduplicated reference genome. Importantly, in addition to the complete sequence of these genomes, highresolution genomic maps that will enable genes to be anchored to the chromosomes are required to tackle the problem if we are to employ the approach used in the Tetraodon genome.
